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Available online 23 January 2016The effect of plasma electrolytic oxidation (PEO) pre-treatments on the adhesive bonding of titanium is investi-
gated using lap-shear tests. Two pre-treatments are compared, using aluminate-phosphate and silicate-
phosphate electrolytes respectively, which result in different compositions and morphologies of coatings. Spec-
imens were joined with an epoxy adhesive. The PEO-treated specimens revealed mainly cohesive failure within
the titanium-rich inner coating regions, which contrasted with the adhesive failure of untreated titanium. The
silicate-phosphate pre-treatment resulted in the inﬁltration of a highly porous outer region of the coating by
the adhesive. The fracture of the coatings occurred close to the titanium/coating interface and intersected the
bases of relatively large pores, which in the case of the aluminate-phosphate coating lay beneath nodules that
were evident at the coating surface. The pre-treatments did not signiﬁcantly increase the lap-shear strength in
comparison with untreated titanium.
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Plasma electrolytic oxidation of aluminium, magnesium, titanium
and zirconium and their alloys has been extensively investigated in re-
cent years [1–4]. The process generates relatively thick coatings, which
have been of particular interest for wear resistance, corrosion protec-
tion, thermal insulation and biocompatibility [5–8]. The coatings are
usually composed mainly of oxides of the substrate metal, although a
variety of other compoundsmay also be formed, depending on the com-
position of the substrate and the electrolyte. The electrolytes are gener-
ally aqueous solutions, frequently consisting of silicates, phosphates and
aluminates. The coating is formed due to dielectric breakdown of the
coating under a high positive potential. The breakdown is manifest as
numerous, short-lived sparks [9,10]. The mechanism of coating forma-
tion is complex and may involve thermal oxidation, anodic oxidation,
plasma chemical reactions and thermolysis. A variety of electrical re-
gimes have been employed, including DC, AC and pulsed conditions,
with control of the applied voltage, the current, or power. AC and pulsed
conditions are often preferred since they offer scope for control of the
discharge lifetime to avoid the longer-lasting, damaging discharges
that may occur under DC conditions. AC conditions can also be used to
develop a so-called “soft sparking” condition, which improves the coat-
ing microstructure [11].
The coatings may consist of crystalline or amorphous phases, or a
mixture of both types. They generally contain numerous pores, cracksNěmcová).
. This is an open access article underand channels,which are a consequence of gas generation, thermal stress
and discharge events. The pores range in size from the nanoscale to the
order of 1–10 μm [12–13]. The porosity is beneﬁcial to thermal barrier
applications. However, the pores, cracks and channels can impair the
corrosion protection and wear resistance. The coating morphology in
cross-section often consists of a thin barrier layer at the base of the coat-
ing, a relatively thick intermediate layer, and an outer layer that is more
porous than the intermediate layer [14,15]. The outer layer, which is rel-
atively soft and friable, is sometimes removed for practical applications
of the coating to reveal the harder intermediate layer. However, the
outer layer may be a suitable base for retention of paint layers. It is
also possible that the coatings may be suited to adhesive bonding,
which is a technology of increasing importance for joining materials
and can be adopted for joining dissimilar metals, such as aluminium
to titanium. However, comparatively little information is available in
the literature on the adhesive bonding of PEO-treated substrates and
the failure mechanisms of the joints.
PEO has been investigated as a pre-treatment for adhesive bonding
of AZ31 magnesium alloy [16,17]. In one study, the strength of the
bond in lap shear tests was improved by an increase in the duty cycle,
which was correlated with an increase in the surface porosity of the
coating [16]. Other work showed a dependence of the bond strength
on the electrolyte concentration; increased amounts ofMgO at the coat-
ing surface achieved by dilution of the electrolyte was suggested to be a
key factor in improvement of the bond strength [17]. In both studies, the
failure of the joints occurred at the adhesive/coating interface [16,17]. A
PEO pre-treatment has been shown to be effective for joining magne-
sium to polyethylene using friction lap welding, with the resultingthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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interlocking [18]; several fracture modes were observed in a particular
joint, including cohesive failure in both the PEO coating and thepolyeth-
ylene. Studies have also been carried out on adhesive bonding of titani-
um in relation to the strength of the bonding of the coating to the
substrate for biomedical applications [19,20]. Under DC PEO conditions
of coating growth, the fracture during lap-shear test occurred within a
highly porous inner region of the coating [19] or in amixedmode, pass-
ing through a porous inner layer and across the oxide layer [20]. A fur-
ther study employed a DC PEO condition that produced coatings with
either porous or grooved surface morphologies. The latter surface pro-
vided better bonding than the porous surface, with failure being a mix-
ture of adhesive failure and cohesive failure in the adhesive in both
instances [21].
In the present study, the inﬂuence of two AC PEO treatments that
produce relatively thick coatings on the adhesive bonding of titanium
is considered. Adhesive bonding of titanium is of interest to joining tita-
nium components, includingmixedmetal joints, and to bonding of tita-
nium in laminates and composites [22,23]. The use of PEO is a potential
alternative to more traditional methods, such as abrasion, grit blasting,
etching or anodizing [24–28]. In the present work, the bonded speci-
mens are tested using a lap-shear method. Two types of PEO coating
are compared. One coating was formed in a silicate-phosphate electro-
lyte. This coating had a highly-porous, silicon-rich surface region. The
other coating was formed in an aluminate-phosphate electrolyte. The
surface of this coating contained pores and channels generated by di-
electric breakdown and gas evolution, as more typically observed in
PEO coatings. The main interest in the study was the relation between
the failure mode of the joints and the microstructure of the PEO
coatings.
2. Experimental
Commercial purity (99.6%) titanium sheet, of 1.0mm thickness, was
obtained from ADVENT Research Materials Ltd., England. The composi-
tion, determined by inductively-coupled plasma optical emission spec-
troscopy, is given in Table 1. Dog-bone tensile specimens, with a gauge
section of length 70 mm and width 10 mm, were prepared from the
sheet in accordance with recommendations in ASTM E8/E8M-11. The
specimens were then cut in half across the middle of the gauge length
in order to provide the two parts of a lap-shear test specimen. The end
~1 cm of the gauge length on each half specimen was then ground on
one side to a 2500 SiC grit ﬁnish. After subsequent degreasing with ac-
etone, rinsing with deionized water and drying in air at 40 °C, a lacquer
coat (Stopper 45MacDermid)was applied to the gauge length, leaving a
working area of 1.0 cm2 at the ground end. In addition, rectangular spec-
imens, with aworking area of 1 cm2, were prepared using the same sur-
face pre-treatment as the tensile specimens. These specimens were
used to examine the compositions and morphologies of the PEO
coatings.
AC PEO treatments were carried out for 900 s at a constant rms cur-
rent density of 500mA cm−2with a squarewaveform at 50Hz, using an
ACS-FB power supply (ET systems electronic GmbH). The aluminate-
phosphate electrolyte was prepared by dissolving 10.5 g l−1 NaAlO2,
4.75 g l−1 Na3PO4·12H2O and 3 g l−1 KOH in deionized water. The
silicate-phosphate electrolyte was prepared by dissolving 10.5 g l−1 so-
dium silicate (speciﬁc gravity 1.5), 2 ml l−1 H3PO4 and 2.8 g l−1 KOH in
deionized water. The electrolytes, of volume 1 dm−3, were stirred with
a magnetic stirrer during PEO. A double-walled glass cell was employed
to contain the electrolytes. The temperature of the electrolytes was keptTable 1
Results of OES analysis of the titanium sheet (wt%).
Ti Al V Cr Cu Fe
bal. b0.01 b0.05 b0.01 b0.02 0.07at 25 °C by a ﬂow of cold water through the cell wall. A stainless steel
(type 304) plate of dimensions 7.5 × 15 cm was used as a counter
electrode.
Voltage (rms)-time responses were recorded electronically during
PEO, employing LabView software with a sampling time of 20 ms. The
voltage-time responses and other details of the PEO procedures can be
found in previous publications [29,30].
After forming a coating at the working area on each half of a tensile
specimen, the lacquer masks were removed and a layer of epoxy resin
was applied to the coated areas. The adhesive consisted of bisphenol-
A epoxy resin, with an amine-based curing agent. The coated areas
were then overlapped and the gauge lengths aligned. Lastly, the joined
pieces were clamped together and surplus epoxy resin was wiped
from the edges of the joined halves. The epoxy resin was allowed to
cure for 48 h at room temperature. Lap-shear tests were carried out in
an Instron 5569 50 kN Universal Testing Machine, with Bluehill 2 soft-
ware. An extension rate of 2 mm min−1 was applied until the failure
of specimen. In addition to the tests of the PEO treated specimens,
tests were carried out on bonded joints of untreated titanium. Triplicate
tests were carried out for each type of joint.
The PEO-treated specimens before and after joining were examined
using a Zeiss Ultra 55 scanning electron microscope equipped with
energy-dispersive X-ray (EDX) analysis facilities. Cross-sections were
ground through successive grades of SiC paper, followed by ﬁnishing
with 1 μm diamond paste.3. Results
3.1. Composition and morphology of coatings before bonding tests
Fig. 1 shows scanning electron micrographs of the surface of a coat-
ing formed for 900 s in the aluminate-phosphate electrolyte. Two re-
gions of the coating surface are displayed. The surface exhibits
numerous pores that range in size from sub-micron to ~10 μm
(Fig. 1(a)). Nodular features are present at many regions of the coating
surface (Fig 1(b)). On the surface of the nodules, the coating material
appears to be generally less porous, although a relatively large pore
may be present near the centre of the nodule. Cracks and rings of
pores are often evident around the nodules (see arrows in Fig. 1(b)).
The coating thickness is variable between different locations across
the specimen surface and also due to the roughness of the coating sur-
face and the titanium/coating interface. The thickness generally lies
within in the range 20 to 30 μm. An example of a cross-section of the
coating is shown in Fig 1(c). Furthermore, previous EDX elemental anal-
ysis has shown that oxygen is distributed relatively uniformly through-
out the coating, whereas the concentration of phosphorus is enhanced
toward the coating base; aluminium and titanium are enriched in the
outer 70% and inner 30% of the coating thickness respectively [24].
Fig. 2 shows scanning electronmicrographs of the surface and cross-
section of a coating formed in the silicate-phosphate electrolyte. At low
magniﬁcation, the surface consists of nodules with a size of ~10 μm
(Fig. 2(a)). Large pores are present between the nodules. Previous
work has shown that they are silicon-rich [23]. At higher magniﬁcation,
the nodules appear to be agglomerations of ﬁner nodules (Fig. 2(b)). In
cross-section, a highly porous coating is revealed,with a thickness in the
range 25 to 40 μm(Fig. 2(c)). The EDX elementalmaps in Fig. 3 show the
presence of silicon, oxygen and phosphorus in most regions of the coat-
ing thickness. However, titanium is mainly present in a thin layer at the
base of the coating. The presence and distribution of sodium andMn Mo Nb Sn Zr Si
b0.01 b0.03 b0.01 b0.05 b0.01 b0.01
Fig. 1. (a, b) Scanning electron micrographs of the surface of titanium following PEO for 900 s in the aluminate-phosphate electrolyte. The arrows in (b) indicate the location of rings of
pores and cracks near nodules. (c) Cross-section of the specimen.
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from these elements were similar to or below the detection limit.
3.2. Lap-shear tests and fractography
Table 2 shows the results of the lap-shear tests for specimens bond-
ed in the as-received condition and following PEO in either the
aluminate-phosphate electrolyte or the silicate-phosphate electrolyte.
The strengths of the specimens bonded in the as-received condition
and following PEO in the aluminate-phosphate electrolyte were similar
to the accuracy of the measurements. In comparison, with these
specimens, the average failure load of the specimens pre-treated in
the silicate phosphate electrolyte was about 20% lower, although the
difference is not statistically signiﬁcant.
Fig. 4 presents an optical image of the fracture surface of a specimen
treated in the aluminate-phosphate electrolyte. The surface is typical of
both of the lap-shear specimens that were tested. Three regions of dif-
ferent appearance were evident, which are labelled A, B and C. TheseFig. 2. (a, b) Scanning electron micrographs of the surface of titanium following PEOregions represent different planes of crack propagation in the PEO/ad-
hesive joint. Most of the surface consisted of fracture on plane A. The
scanning electronmicrographs of Fig. 5 show clearly the differences be-
tween the three fracture regions, with steps separating the different re-
gions. EDX area analyses of the regions are given in the table that
accompanies themicrographs. High concentrations of titanium, oxygen
and phosphorus, and low concentrations of aluminium, are detected at
regions A and C relative to region B. EDX elemental maps of the fracture
surface at the boundary between regions A and C are displayed in Fig. 6.
Both regions show high concentrations of titanium. A layer rich in car-
bon is evident that indicates the location of the epoxy adhesive. Further-
more, an area of relatively high aluminium content in present above the
layer of adhesive. A small region of high aluminium content can also be
seen beneath the adhesive layer. The ﬁndings indicate that the fracture
surfaces in regions A and C lie within the inner, titanium-rich region of
the coating, which is located beneath the outer aluminium-rich region.
The signal from titanium is particularly high in region C, which suggests
that the coating remaining on region C is thin, such that X-rays arefor 900 s in the silicate-phosphate electrolyte. (c) Cross-section of the specimen.
Fig. 3. EDX elemental maps of the titanium following PEO for 900 s in the silicate-phosphate electrolyte. (a) Titanium. (b) Silicon. (c) Oxygen. (d) Sodium. (e) Potassium. (f) Phosphorus.
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thicknesses of material above and below the layer of adhesive in the
scanning electron micrograph of Fig. 6(b) that accompanies the EDX el-
emental maps indicate that the fractures in regions A and C have oc-
curred at a depth of ~20 μm below the original surface of the coating.
The depth is close to the total thickness of the ﬁlm, which conﬁrms
that the region of cohesive failure of the ﬁlm is located very close to
the titanium/coating interface. In contrast to the fracture surfaces of re-
gions A and C, the fracture surface in region B lies close to the original
surface of the PEO coating, which is evident from the presence of
nodules.
The results of SEM examination of the details of the fracture surfaces
in regions A, B and C of an aluminate-phosphate specimen are shown in
Fig. 7. At lowmagniﬁcation, regionA reveals a relativelyﬂat surface. This
region corresponds to the underside of the upper part of the fractured
coating. Most areas of the surface have a similar ﬁne-textured appear-
ance (Fig.7(a) 1). However, a moderate number of irregularly-shaped
cavities, which appear dark in the micrograph, are evident, with a rela-
tively random distribution. The cavities have sizes up to ~20 μmand are
typically separated by distances of the order 100 μm. At an increased
magniﬁcation, the cavities were often seen to contain material with a
smooth surface compared with the morphology to the adjacent coating
(Fig. 7(a) 2). EDX analysis indicated that the material was part of the
PEO coating, revealing mainly the presence of oxygen, titanium and al-
uminium, with an atomic ratio of aluminium to titanium of ~0.1. Other
cavities revealed material of high carbon content on their walls indicat-
ing the presence of adhesive. The main part of the fracture surface ex-
hibits numerous, sub-micron pores. With further increase of the
magniﬁcation, more details of a cavity and the adjacent fracture surface
are disclosed (Fig. 7(a) 3). The smooth material in the cavity containsTable 2
Strengths of lap-shear joints of titanium in the as-received surface condition and fol-
lowing PEO treatments in either an aluminate-phosphate or silicate-phosphate
electrolyte.
Specimen Lap-shear strength (MPa)
As-received 12.1 ± 0.4
Aluminate-phosphate 12.3 ± 2.2
Silicate-phosphate 10.2 ± 0.4cracks (see arrow in Fig. 7(a) 3). Notably, the material on the adjacent
facture surface has a foam-like, ﬁnely-structured appearance.
The observation of region B at low magniﬁcation revealed an inti-
mate mixture of areas of adhesive and areas of coating material, with
the latter commonly appearing as nodules with sizes of several tens of
microns (Fig. 7(b) 1). These latter features resemble ones of similar ap-
pearance at the surface of a freshly formed coating (Fig. 1(b)). Clearly,
the fracture path in this location lies close to the plane of the original
coating surface. At higher magniﬁcation, the inﬁltration of adhesive be-
tween the nodules can be seen (Fig. 7(b) 2). At these locations, the frac-
ture path had passed through the adhesive in a brittle manner,
indicating a good bond between the adhesive and the underlying coat-
ing material. Furthermore, at some sites adjacent to the fracturedFig. 4. Optical image of the fracture surface following a lap-shear test of a titanium
specimen pre-treated in the aluminate-phosphate electrolyte. The labels A, B and C
indicate regions with different types of fracture morphology.
Fig. 5. (a) Scanning electron micrograph showing the details of the fracture morphologies of the three regions indicated in Fig. 4 of the specimen pre-treated in the aluminate-phosphate
electrolyte. (b) Micrograph at increasedmagniﬁcation of the boxed region in (a) showing the boundary between regions A, B and C. The accompanying table gives the results of EDX area
analyses at the three regions.
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rows in Fig. 7(b) 1 and (b) 2). Examination of a boundary between the
fractured adhesive and a nodule reveals pores on the nodule surface in-
dicating that the adhesive has detached at or close to the nodule/coating
interface (Fig. 7(b) 3).
The examination of the fracture in region C, which is the surface of
the residual layer of inner coating material that remains after the
outer coating layer has been detached, reveals a relatively uniform ap-
pearance across the examined area (Fig. 7(c) 1). The surface exhibits a
ﬁnely nodular appearance. The nodules have a size in the range ~1 toFig. 6. (a) Scanning electronmicrograph of the fracturemorphologies at the boundary between
EDX elemental maps of (a). (b) Composite of map in (c–f). (c) Titanium. (d) Aluminium. (e) C5 μm and, hence, are much smaller than the features observed at the
surface of the coating. None of the large cavities evident in region A
(Fig. 7(a) 1) is evident in region C, suggesting that the cavities are a fea-
ture of an outer part of the original coating. At increased magniﬁcation,
the surface is decorated with ﬁnely textured material and sub-micron
pores (Fig. 7(c) 2). However, at the highest available resolution, some
regions of the surface appear relatively compact (Fig. 7(c) 3). Further-
more, at the top of the image (see arrow), a region of cracked coating
of glassy appearance can be seen, which is similar in size and appear-
ance to the coating material observed in the cavities in Region A.regions A and C of the specimen pre-treated in the aluminate-phosphate electrolyte. (b–f)
arbon. (f) Oxygen.
Fig. 7. Scanning electron micrographs showing the detailed of the fracture morphologies in regions (a), (b) and (c) of the specimen pre-treated in the aluminate-phosphate electrolyte.
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that had been treated in the silicate-phosphate electrolyte. Two types of
fracture surface, labelled A and B, are evident. The scanning electronmi-
crographs of Fig. 9(a) shows part of the fracture surface of Fig. 8;
Fig. 9(b) shows the counterpart surface, with the different fracture re-
gions labelled C and D. Regions B and D exhibit nodular features remi-
niscent of those at the coating surface shown in Fig. 2(a) and (b). The
EDX area analyses of the different regions, presented in Fig. 9, indicate
the presence of a relatively low concentration of titanium and a high
concentration of silicon and carbon in regions B and D compared with
region C. Thus, the fracture surface in regions B and D is located within
the outer, silicon-rich part of the coating. In contrast, the facture pathFig. 8. Optical image of the fracture surface following a lap-shear test of a titanium
specimen pre-treated in the silicate-phosphate electrolyte. The labels A and B indicate
regions with different types of fracture morphology.lies close to the titanium substrate in region C, where a high concentra-
tion of titanium and a low concentration of silicon are found. The pres-
ence of a signiﬁcant amount of oxygen at region C indicates that a
residual coating layer remains on the substrate surface. Region A is rel-
atively smooth, but differs from region C since relatively numerous
small cavities of dark appearance, with a size of fewmicrons, are present
that were not evident in region C. Region A differs from other region by
revealing relatively high concentrations of titanium, oxygen, silicon and
carbon.
The fracture path in region C was mainly relatively smooth
(Fig. 10(a) 1). However, patches of coarser material were attached to
the fracture surface at some locations, which are probably remnants of
the outer, silicon-rich layer. At increased magniﬁcation, the surface ap-
peared relatively compact (Fig. 10(a) 2). However, some ﬁner pores
were evident and the surface was ﬁnely textured. The examination of
regionD showed amixture of adhesive and coatingmaterial on the frac-
ture surface (Fig. 10(b) 1). The regions of adhesive were located be-
tween silicon-rich nodules. The nodules had fractured in a brittle
manner to reveal a foam-like internal structure (Fig. 10(b) 2). Unlike
the fracture surface of the aluminate-phosphate specimen shown in
Fig. 7(b) 2 and 3, the adhesive showed little evidence of brittle fracture.
Further, the adhesive surface was relatively smooth. It appears that the
adhesive had penetrated deeply into the pores between the silica-rich
nodules. The fracture occurred through the nodules along a plane near
the original surface of the silica-rich layer. However, this type of fracture
was only evident in comparatively small areas of the fracture surface.
These areas were possibly locations of limited joining of the two PEO-
treated surfaces due to absorption of the adhesive by the porous silica
layers. In contrast, most of the fracture surface occurred within the
inner titanium-rich layer of the coating, with the fracture occurring
along the plane of cavity bases within the layer. Thus, the main fracture
planes in both the aluminate-phosphate and the silicate-phosphate
coatings passed through the base of large cavities within the coatings.
However, the cavities in the aluminate-phosphate coating were about
an order of magnitude larger than those in the silicate-phosphate
coating.
Fig. 11(a) shows a low magniﬁcation scanning electron micrograph
of the fracture surface of the untreated titanium. Regions of dark
Fig. 9. (a) Scanning electron micrograph showing the details of the fracture morphologies of the two regions indicated in Fig. 8 of the specimen pre-treated in the aluminate-phosphate
electrolyte. (b) Image at of the counter surface. The accompanying table gives the results of EDX area at the labelled regions in (a) and (b).
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the original rolled titanium surface is evident, indicating that failure had
occurred at or very close to the adhesive/titanium interface (Fig. 11(b)).
The titanium surface revealed small cracks that were generated during
the lap-shear stress.
4. Discussion
Previous studies have shown that the coating formed in the
aluminate-phosphate electrolyte contained rutile, Al2TiO5, α-Al2O3
and γ-Al2O3 [30]. In contrast, the coating formed in the silicate-
phosphate electrolyte contained anatase, rutile, Ti2O5 and amorphous
material [29]. The amorphous material is probably composed mainly
of amorphous silica. During PEO, discharges with lifetimes in the μs to
ms range result in oxidation of the substrate and deposition of material
from the electrolyte [31–33]. Various types of discharge have beenFig. 10. Scanning electron micrographs showing details of the fracture morphologies in (a) regproposed to occur during the PEO process, which are dependent on fac-
tors such as the electrical regime, the composition of the electrolyte and
the duration of the treatment. From studies of PEO of aluminium and
zirconium, it has been proposed that a relatively strong type of dis-
charge leads to pancake-like features that contain relatively large con-
centrations of species originating from the substrate [31]. In contrast,
near-surface discharges incorporate a relatively greater amount of spe-
cies originating from the electrolyte. During PEO in the present electro-
lytes, discharges of white to orange colour were observed. The white
discharges were observed for a short time after the commencement of
dielectric breakdown. Subsequently, both types of discharge occurred
and the discharges increased in size but decreased in number during
the coating formation [30]. It may be speculated that the large nodules
that were present at the surface of the coating formed in the
aluminate-phosphate electrolyte were caused by strong discharges. In
contrast, near-surface discharges led to the deposition of silica fromion C and (b) region D of the specimen pre-treated in the silicate-phosphate electrolyte.
Fig. 11. Scanning electron micrographs showing details of the fracture morphologies of untreated titanium.
Fig. 12. Schematic diagrams showing the fracture paths in lap-shear titanium joints.
(a) Titanium pre-treated by PEO in the aluminate-phosphate electrolyte. (b) Titanium
pre-treated by PEO in the silicate-phosphate electrolyte. The arrows indicate the
direction of viewing of the fracture surfaces labelled A, B, C and D in the previous optical
micrographs and scanning electron micrographs.
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that are generated locally by the discharges [14,34,35] are able to melt
the coatingmaterial and enable the formation of phases normally char-
acteristic of high temperatures. In addition to the production of the
coating material, hydrogen and oxygen are evolved in the negative
and positive parts of the current waveform respectively. The volume
of oxygen evolvedmay signiﬁcantly exceed the Faradaic yield indicating
that reactions such as thermolysis of water may proceed at the dis-
charge sites [36–38]. The generation of gas in molten coating material
and its entrapmentwhen thematerial is rapidly cooled following termi-
nation of the discharge probably lead to the foam-like structures re-
vealed in the present coatings. In contrast, large cavities may be
created by plastic deformation of heated coating material under the
pressure of generated gas. The pressure may subsequently cause rup-
ture of the coating enabling the release of the gas to the electrolyte. Ad-
ditionally, molten coating material may be ejected from within the
coating toward the coating surface, where it may cool rapidly and de-
posit on the coating surface. In the case of the nodules formed in the
aluminate-phosphate electrolyte, nodules may be formed by displace-
ment of material under the pressure of gas generated within the coat-
ing. The pores that are often evident near the nodule centres may be
generated within the molten material by the gas pressure.
The fractography of the coating formed in the aluminate-phosphate
electrolyte reveals that the main crack propagated within the coating
through a titanium-rich inner region. The scanning electron micro-
graphs of Fig. 7(a) 1 and (c) (1) indicate that the crack separated a rel-
atively uniform inner layer from an outer layer that contained large
cavities. From a comparison of the distribution of cavities in Fig. 7(a) 1
and of nodules in Fig. 7(c) 1, it is probable that the nodules and cavities
are formed by the same type of strong discharge that can melt the coat-
ing causing ejection of material toward the coating surface, assisted by
generation of gas at high pressure. Following termination of a discharge
event and during the subsequent cooling of the discharge site, electro-
lyte can ﬂow into the cavity created by the discharge through pores or
cracks at the location of the nodules. The inner coating layermay subse-
quently form at the base of the cavity by generation of dischargeswithin
the cavity, assisted by thermal and anodic oxidation of the substrate. In
the case of the coating formed in the silicate-phosphate electrolyte, the
fracture also occurredwithin a titanium-rich inner region, along a plane
coincident with cavity bases, although the cavities were much smaller
than those encountered in the aluminate-phosphate coating.
The schematic diagrams of Fig. 12 show the proposed fracture paths
in lap shear joints made using titanium with the two types of PEO pre-
treatment. The crack in the specimen pre-treated in the aluminate-
phosphate electrolyte (Fig. 12(a)) can pass along a titanium-rich region
of the coating close to the titanium substrate, generating the surfaces la-
belled A and C in Fig. 5. These surfaces form the main part of the whole
fracture surface. However, in some regions of the fracture surface, the
crack passes through the coating thickness and adhesive, and along
the adhesive/coating interface. These regions correspond to the surface
labelled B in Fig. 5. Similarly, the crack in the specimen pre-treated in
the silicate-phosphate electrolyte mainly passes through an inner-
titanium-rich region of the coating. This region of the coating isrelatively thin compared with the overlying silica-rich region. The
crack in the titanium-rich region generates the surfaces labelled A and
C in Fig. 9. In some parts of the fracture surface, the crack can pass
through the coating thickness and propagate along the interface be-
tween the two coatings. In these regions, the crack passes through
silica-rich nodules and through voids created by adhesive being
absorbed into the highly porous, silica-rich layer; the surfaces labelled
B and D in Fig. 9 are then created.
For both types of coating, the bonding between the adhesive and the
coatingwas superior to that between the adhesive and the untreated ti-
tanium, which showed a purely adhesive failure. The bonding of the
present PEO-treated specimens involvesmechanical keying of the adhe-
sive to the coating by the ﬂow of adhesive into the open pores, cavities
and cracks. The tortuous shapes of these features and the macroscopic
andmicroscopic roughness of the coatingmaterial provide a strongme-
chanical bond between the adhesive and the coating surface. However,
chemical bonding between the adhesive and the coating material may
also play a role. During the lap-shear tests, the coated specimens fail
in a brittle manner when a critical stress is reached for crack initiation
in the coating. The stress is enhanced in the vicinity of the cavity
bases. The coincidence of the fracture surfaces with the bases of cavities
is possibly related to the cavity shapes, and to differences in the compo-
sition, phase content and mechanical properties of inner and outer
layers of the coatings.
The bond strengths of the pre-treated substrates were in the range
10–12 MPa. Similar bond strengths have been obtained in other studies
using DC anodic pre-treatments of titanium, for example from ~6.9 to
~10.8 MPa, dependent on the anodizing voltage [19], and from ~8.9 to
~11.6 MPa, dependent on the post-treatment [20]. Lap-shear strengths
109S. Aliasghari et al. / Surface & Coatings Technology 289 (2016) 101–109in the range from ~6.1 to ~8.1 MPa were determined for Ti6Al4V alloy,
dependent on the anodizing temperature [22]. Use of a primer and a
curing strategy can also be beneﬁcial, with an increase from ~8 MPa to
the range ~12–15 MPa being found for anodized titanium [23]. In con-
trast, Maressa et al. [39] signiﬁcantly increased the shear strengths,
compared with the previous anodized and PEO-treated surfaces, by
sand blasting or laser proﬁling a Ti6Al4V alloy, from 3.9 MPa for the
non-treated alloy to 23 and 32 MPa, respectively. However, direct com-
parison of the various pre-treatments is hindered by the use of different
adhesives. An improvement in the bond strength of PEO-treated titani-
um may be achieved by elimination of the larger cavities and reducing
the porosity within the coatings, which may be possible using other
electrical regimes and electrolyte compositions.
5. Conclusions
1. Pre-treatment of titanium by plasma electrolytic oxidation in the se-
lected aluminate-phosphate and silicate-phosphate electrolytes re-
sulted in lap-shear joints that failed primarily due to cohesive
failure within the coatings. In contrast, a joint of untreated titanium
underwent adhesive failure.
2. The lap-shear strengths of the specimens PEO pre-treated in the
aluminate-phosphate electrolyte and silicate-phosphate electrolyte
were similar to that of untreated titanium.
3. The main fracture plane for specimens pre-treated in the aluminate-
phosphate and silicate-phosphate electrolyte followed a path close to
the titanium/coating interface coincident with the bases of relatively
large pores in the inner part of the coating. However, regions of adhe-
sive failure also occurred with the aluminate-phosphate treatment.
4. Regions of brittle fracture in the highly porous, silica-rich outer re-
gion occurred with the coating formed using the silicate-phosphate
electrolyte, with the crack also passing through voids at the interface
between the two coatings. The voids were generated by adhesive
being absorbed into the silica-rich layer.
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